The Solar Heating and Cooling Technology Collaboration Programme was founded in 1977 as one of the first multilateral technology initiatives ("Implementing Agreements") of the International Energy Agency. Its mission is "to enhance collective knowledge and application of solar heating and cooling through international collaboration to reach the goal set in the vision of solar thermal energy meeting 50% of low temperature heating and cooling demand by 2050." The members of the IEA SHC collaborate on projects (referred to as "Tasks") in the field of research, development, demonstration (RD&D), and test methods for solar thermal energy and solar buildings. A total of 61 projects have been initiated, 53 of which have been completed. Research topics include:
Objective
This report presents the results of a scenario study on the potential role of solar thermal in future energy systems in Germany. This work is applied in the IEA task 52 Solar Heat and Energy Economics in Urban Environments. In the framework of IEA-SHC Task 52 the (possible future) role of solar thermal energy utilization in urban environments is investigated more deeply. Main focus is on the utilization of solar energy by means of active technologies such as solar thermal collectors. The passive use of solar energy, for instance by means of architectural measures, are not treated in the framework of this project. This report presents the results calculated based on the methodology in Subtask A of the IEA task 52 Solar Heat and Energy Economics in Urban Environments. It contains a description of the purpose of the task, and the boundary conditions that were set to determine scenarios for the development of solar thermal heat in a future energy system. The Task focuses on the analysis of the future role of solar thermal in energy supply systems in urban environments. Methods for an energy economic analysis -reflecting future changes in the whole energy system -strategies and technical solutions as well as associated chains for energy system analysis will be developed. Subtask A is accompanied by Subtask B focusing on Methodology, tools and case studies for urban concepts and Subtask C focusing on Technology and demonstrators through classification, benchmarking and best practice examples.
Some of the main objectives of Subtask A are:
• Using energy system analyses based data for creating scenarios
• Identifying the role of solar thermal in integrated renewable energy systems The methodologies applied by the different partners all involve creating energy system models of national energy systems, but differ in terms of geographical scope and the tools utilized. The partners therefore carry out different roles, as the Fraunhofer ISE is responsible for creating a national model of the German system while the Technical University of Vienna provides background data for other partners focusing on energy demand in buildings and the overall Austrian energy system. Finally, Aalborg University develops models of four national energy systems; Germany, Austria, Denmark and Italy. A more detailed description of the development of these models, methods applied can be found in [12] . The purpose of developing these models is to identify the role of solar thermal technologies in urban environments analyzing different options such as:
• Solar assisted heating of individual buildings 
Energy Economies background
During the past decade, Germany has taken a leading position in the market introduction of renewable energy technologies that was instrumental in bringing down their cost dramatically. The driving force of the energy transformation in Germany is the political goal of drastically reduced greenhouse gas emissions in order to limit the anthropogenic climate change and thus the danger of drastic influences on nature and the conditions of human life and economy. The declared goal of the German Government is to decrease the greenhouse gas (GHG) emissions of Germany by 2050 by at least 80 % [1] and wherever possible by 95 %, below 1990 levels [2, 3] . This objective is supported by a wide social consensus in Germany. The total amount of GHG emissions in the reference year 1990 amounted to 1,215 million tons of CO2 equivalent (for this purpose, all greenhouse-relevant effects are converted into the climate-changing effect of CO2). This value includes the CO2 lowering in agriculture and forestry. For the years prior to 2050, reduction target values are defined as well: a reduction by 40 % by 2020, by 55 % by 2030, and by 70 % by 2040
The largest share of GHG emissions is provoked by energy-related CO2 emissions with close to 990 million tons in 1990 and 793 million tons in 2013 (see green bars in Figure 1 ). Thus, energy-related CO2 emission is allowed to be at maximum 198 million tons in 2050 in order to achieve the reduction goal of 80 % compared to the reference year 1990. Here it is assumed that energy-related CO2 emissions are reduced to the same extent as all other greenhouse gas emissions.
In 2013 the largest individual portion of energy-related CO2 emissions with close to 45 % is caused by electricity generation. Although electricity amounts to around 20 % of the final energy, its portion in CO2 emissions is significantly larger due to high losses and own consumption in the power plant sector. Mobility is responsible for around 20 % of the energy-related CO2 emissions with street traffic representing the largest portion. Around 18 % are caused by business, public sector, and households. Here, fuels for space heating and hot water play the largest role. Additional 16 % are caused by the manufacturing and construction industry. With these numbers in mind and under the assumption that climate protection targets will be met it becomes clear that the investigation of national energy systems needs to be done considering all sectors together.
Model overview
To investigate how a national energy system in line with the mentioned political goals could look like in 2050 and for the specific analysis of potential design options of sector coupling in the context of the transformation of the German energy system an energy system model called Regenerative Energy Model: REMod-D was developed to carry out a model-based analysis [3] [4] [5] [6] [7] [8] . As far as known, among all existent energy system models, no other model considers all relevant consumption sectors and conversion techniques in the energy system and simultaneously optimizes the transformation path on an hourly resolution from today to the year 2050. With Germany as example, in this report we focus on the relevance and the influence of heating technologies -particularly solar thermal systems -in the context of decarbonizing the German energy system. In order to evaluate the energetic and economic correlations of sector coupling measures in different design options (including high electrification, hydrogen economy or use of regenerative fuels) temporal and operational constraints were taken into account
The basic idea of the model REMod-D is based on a cost-based structural optimization of the transformation of the model German energy supply system for all consumption sectors -i.e. the sectors electricity, heat (space heating and hot water), process heat (industry) and traffic. The purpose of these calculations is to determine a cost-effective transformation path from the current system to an energy system in 2050, with an overall upper limit on annual allowable CO 2 emissions as the sum of all sectors. The model calculations describe technically possible development paths of the energy system and optimize these in terms of minimizing the energy system costs on the basis of the assumptions made and the analysis framework. The aim of the calculations is not to describe what the future will look like, but rather to answer the question of how from a systemic perspective the development of complete systems can be based on the lowest possible total systemic costs and at the same time the desired reduction of energy-related CO 2 emissions. Emissions are reached and the energy supply is ensured. The input data required to calculate the hourly energy balances includes, among other things, cost assumptions, weather data and load and producer profiles. Although the model takes into account geographically resolved weather information, energy demand, generation and distribution are not spatially resolved. Costs for needed infrastructure (e.g. grids) are therefore taken into account by means of a mark-up for each application technology proportional to their expansion. This can create distortions in terms of necessary investment volume, as this -in the comparison with reality -delayed in time. The aim of the optimization is to determine the most costeffective temporal evolution of the composition of all relevant producers, converters and consumers. At the same time, the energy balance of the system as a whole must be met every hour -so all energy needs must be met -and the politically desired annual CO 2 emissions must not be exceeded.
Conventional power plants with lignite and hard coal as fuel, nuclear power plants, oil-fired power plants, gas turbines, combined heat and power plants and CCGTs have been implemented as power generators. Renewable electricity can be obtained in the model of wind turbines (onshore and offshore), photovoltaic systems and run-of-river power plants. Biomass can be utilized in different usage paths either directly or after conversion to another energy carrier. For example, wood can be used in boilers in order to provide process heat for industrial applications and for the generation of low-temperature heat in the building sector. Biogas systems, gasification systems with subsequent synthetisation into hydrogen, methane, or liquid fuels and biodiesel systems are implemented as systems for the conversion of biomass. Electrical energy storage systems in the form of stationary and mobile (in vehicles) batteries or pumped-storage power plants are used as storage systems. Hydrogen storage systems and thermal hot water storage systems in different orders of magnitudes are considered in addition. With respect to methane storage system, the simplified assumption is made that currently already existing storage capacities in Germany will also be available to the system in the future. Thus, they are not considered in the optimisation. [1] The energy-efficient refurbishment of the building stock is also optimized as a model and is represented by three energy standards. Figure 2 shows the schematic structure of the depicted energy system. The energy demand side (right) is divided into four groups: traffic, electricity, low temperature heat and process energy for industrial processes. In traffic, the demand of road traffic (based on the driving behavior of cars and trucks) is resolved in time and mapped taking into account different optional drive concepts.
The energy demand side is divided into four groups: Mobility, intrinsic electricity applications, heat for buildings (residential buildings, as well as non-residential buildings and industrial buildings), and fuel-based process heat in the industry. The mobility sector is mapped in detail through passenger cars and trucks with seven vehicle concepts each. Electricity demand for heat and road traffic is calculated as a model and is therefore not part of the base load. The operational management of the power system is specified exogenously within the model. There is thus no hourly optimization of the order of use of the power plants, but a fixed predetermined order of use for a merit order regarding the specific CO2 emissions. In addition, the so-called "single-node or copper plate model" is adopted, in which the distribution of electricity is not subject to any restrictions, that is, every unit generated and each unit demanded current in the time step considered is in whole Germany available. The necessary costs for the expansion or operation of the power grid are included in the cost accounting. The building sector is implemented with 18 possible heat supply technologies. Each of these heating technologies can be optionally supplemented with a heat storage device or solar thermal energy system. Figure 1 shows an example of the »electrical brine heat pump« system, hence, a brine-water heat pump with ground as heat source. The possible energy flows between the individual system components are shown. Thermal storage devices can be charged through solar thermal energy, as well as through heat from excess power (directly or via the heat pump). The latter option allows the flexible use of power in the case of a negative residual load. Vice versa, the heat pump can be The energy demand of the industry is derived from the statistical data of the German Federal Ministry of the Economy [2] and refers only to the fuel-based energy supply for process heat. The electricity demand of the industry is included in the base electricity load. Figure 2 shows the schematic presentation of the energy system mapped in the REMod-D model. the inventory data of the technologies, the optimization algorithm is used to determine the future plant park and simulate the system every hour for the entire observation period. After this run, it checks that the given amount of CO2 has been met every year and calculates the costs of the system (investment, maintenance and operation, fuel costs, etc.). At the beginning of the calculations, in addition to the input data required for the annual accounts, additional information on the existing plant stock and the amount of the specific investment of the respective technologies is read in as a function of the respective year. The optimization algorithm targets the minimum total cumulative cost (new acquisition costs including capital costs and all operating costs including maintenance and fuel costs) of the system over the period considered. In order to carry out model calculations in which specific external influences are specifically examined for their effects, certain model assumptions or external dependencies can be specified. Which technology is chosen and to what extent is the result of the optimization, i.e. the minimization of the systemic total costs under observance of the set maximum CO2 emissions. The REMod-D model is based on simple physical models of all components contained. The central component is the energy exchange across the electricity system. A load still to be covered after feedin of renewable energy is compensated by the generation of electricity from systems of different sectors. Excess electricity, on the other hand, can be stored and/or converted into different electricity forms (chemical and thermal) and is thus accessible for all sectors. The operation of electricity-generating and electricity-using systems in the case of positive and/or negative residual load follows a defined management strategy. The component usage sequence in this management strategy follows the path of highest energy efficiency at simultaneously lowest CO 2 emissions. Figure  3 shows the different stages for the generation and usage of electricity in the case of a positive and/or negative residual load in the system. To cover positive residual loads, CHP plants are operated first after the use of electrical storage systems and biogas CHP. The generated heat is then used to charge heat storage devices and/or to cover thermal loads if these are present at the same time. Any additional demand is covered by the operation of combined cycle gas turbine (CCGT) plants and of CHP plants in »electricity only mode«. The remaining load is covered by highly flexible gas and oil turbines and with the help of the remaining, flexibly usable power of conventional lignite and hard coal power plants. In model calculations that also investigated the electricity import, it can also contribute to covering the electricity demand at the end of the usage cascade with a previously defined maximum power. [1] The weather influence is decisive for the different residual load states during the simulation. To map this influence adequately, real data records are used within the scope of calculation. The weather data used in the model for the calculation of feed-in and load profiles are based on publicly accessible data of the German Meteorological Service [3, 4] . The weather data from two different reference locations in Germany, Braunschweig for North Germany and Würzburg for South Germany, are processed in the model. Hourly outside temperature values and solar irradiation data are used from both locations. The real profile of the power consumption is also to ensure an adequate correlation between the profile of the basic electricity load and the profile of the power provision from renewable sources, which is defined by the profile of the meteorological variables. [1] The technology specific system costs are obtained from an exogenously specified cost function depending on the investigated year (here 2050). When determining this cost function, the values of every technology for start year 2015 and target year 2050 were used as start and end value.
The curve profile of the specific costs of photovoltaic systems is presented in Figure 4 as example. The curve profile is based on studies discussing the cost degression behaviour of the respective technologies. As result, a specific cost value in € 2013 /kW is available to the model for every year. In addition to the cost investigations for components, such as converters or storage devices, where the specific costs are used relative to the thermal or electric power and/or capacity of the systems, costs for energy saving measures in the building sector through energy renovations are considered as well in the model. Here, energy-related additional renovation costs are considered only that result Node years Degression from the difference of the full costs and the costs incurred for renovations for standard building preservation. This is based on the so-called coupling principle, which states that an energy renovation of a component is only performed if the component is to be renovated anyway (see [5] [6] [7] ). Two energetic standards are assumed for energetically renovated buildings in the modelling. These are referred to as »fully renovated« and »highly efficient«. Based on the renovation levels [8] defined in the »Climate-neutral Building Stock 2050« project, »fully renovated« complies with the standards of the Energy Saving Regulation (EnEV) 2009, however, tightened by 25 % (EnEV -25 %), and »highly-efficient« complies with the requirements on a passive house based on [9] .
Similar to the approach for energetic building renovations, the coupling principle is also applied in the mobility and heating technology sectors. Here, passenger cars with classic combustion engine and heating technologies with gas condensing boiler are assumed as reference technologies for the costs required for system renovation. Thus, the financial additional effort of the changed energy system relative to the current system is considered in the total costs of the investigated climate protection scenario.
The calculation of the total costs required in the year 2050 (fuel costs, investments and expenditures for maintenance and operation, financing) follows the specification of VDI Directive 2067 and is annualised 1 . The observation period for the annualisation is 20 years. Interests are specified per technology. Here, the interest rates are used consistently: 8 % for investments mainly by private investors (e.g., house owners and motor vehicle owners) and 8 % for investments by institutional investors, hence mainly investments in power plants, wind turbines, and infrastructure facilities. 
Finally, the annuity of the capital-related costs of a technology is calculated using Equation 2.4.
Costs for operation and maintenance of a technology are based on VDI 2067 calculated using the price-dynamic cash value factor (Equation 2.5).
The annuity of operation and maintenance costs of a technology are calculated using Equation
2.6:
With:
1 All cost values are converted into € 2013 . Furthermore, it is simplified and assumed that the price-increase rate of maintenance and operating costs is identical to the assumed rate of inflation (here: 1.7 %).
Rev. The total system cost of a system consisting of all technologies results from the sum of the costs of all technologies and the fuel costs of the total system:
The final objective function considering all penalty functions P is due to equation 2.8:
The underlying equations are solved with a particle swarm optimizer PSO.
Boundary conditions
The following boundary conditions were defined in all transformation model calculations:
1. A cost burden of CO 2 emissions was not accepted in the calculations. The permitted amounts of CO 2 were, however, specified for the year and the calculation model ensures that these quantities are complied. However, the duration cannot be extended beyond (nuclear phase-out is taken into account, CCS technology does not apply).
5. Coal-fired power plants are subject to a partial must-run condition (for cogeneration and to avoid cold starts).
6. The annual sum of the base load is assumed to be constant over time (481 TWh, today's values corrected for traffic and heat).
7. Performance and capacity of the pumped storage power plants remain current.
8. Maximum electricity import and export remains constant at around 15.5 GW.
9. The expansion of heating grids can only increase by about 1 per cent annually.
10. Solar thermal energy is not considered for the provision of process heat.
11. The supply of biomass remains constant at the current level of about 300 TWh. Other CO2 emissions due to non-energy use of carbonaceous fossil fuels (for example in steel, chemicals) are not taken into account.
12. The number of vehicles in circulation has been updated and is slightly lower for cars (-5 percent) and slightly higher for trucks (+5 percent) until 2050.
13. Power-to-gas and power-to-liquid applications have considered being options for the electrolytic production of hydrogen, the production of synthetic liquid fuels and methanation.
Scenario description
The aim of the calculations made with the energy system model REMod is to investigate different scenarios that have a special influence on the role solar thermal heat in a future energy system of an industrial country. Several factors were identified that have a particular effect on the amount of installed capacity of solar thermal collectors. These factors are:
• Overall CO2-emission reduction target
• Overall available renewable resources for biomass
• PV modules and wind for electricity generation
• Specific cost of solar thermal collectors
• Composition of the drive concepts in the transport sector
In a first step, the development of the total energy system and in particular the implications for the sector coupling depending on the CO reduction target value are presented. For this purpose, CO reduction values of -60%, -75%, -85% and -90% in the year 2050 compared to the reference value in 1990 are given in the model calculations (details on the different assumptions in the model calculations can be found in Table 1 ). These scenarios were noted in the following as "open" as not restraints are given in the optimization beside the before mentioned in chapter 2.4.
Five other scenarios were considered to be specific design options for the reduction of energyrelated CO emissions by 85%. In order to understand the impact of different system layouts and transformation paths the first sensitivity is done on the cost development of solar thermal. In this scenario, the cost for small, building mounted solar thermal and for large scale central solar thermal remain on the a higher cost level as of today -1500 EUR/m² (instead of 1200 EUR/m²) for small systems, 1200 EUR/m² (instead of 890 EUR/m²) for large systems ("85% ST exp."). The second scenario ("85% Bio&Mob") addresses the availability of biomass and enables the comparability to the scenario analysis performed by Mathisen et al. 3 . This scenario differs from the "85% open" scenario by a much higher availability of biomass resources and a fixed share of electric vehicles of 65% in 2050% (cars 75%, trucks 0%).
For further analysis one of these design options is characterized by a development in which hydrogen plays a particularly important role as a future source of energy, especially as fuel in transport (scenario "85% H2"). In another model calculation, an energy system is considered in which other regeneratively produced fuels (methane, liquid fuels) play a dominant role in the transport, electricity and heat sectors (scenario "85% PtL/PtG"). The results -as explained below -show that all model calculations with at least 85% reductions in CO 2 emissions lead to very large necessary installed power values of the converters of fluctuating renewable energies (sun, wind). Therefore, it was decided to make a number of assumptions in a further model calculation that would facilitate reaching the CO 2 reduction targets (scenario "85% active"):
• it was assumed that energy saving and energy efficiency measures reduce the base electricity demand from 481 TWh to 360 TWh,
• the energy demand of the industry decreases by 0.5 percent per annum,
• solar thermal energy plays a greater role in the provision of low-temperature heat by a given growth of appr. 2 GW for small scale systems and appr. 3 GW for district heating related systems,
• by 2040, an exit from the use of coal for power generation takes place and • electricity exchange with neighboring countries is doubled by 2050 through the expansion of the European interconnected grid. Figure 5 ). The highest amount of primary energy used within these scenarios is when a high amount of biomass is assumed to be available (85% Bio&Mob). Of main importance are lower losses in the conversion chains, in particular by the much lower power generation in thermal power plants and by the replacement of internal combustion engines by electric drives and boilers by heat pumps. Final energy is strongly linked to the use of electricity in the heating and transport sector. Overall, the losses between primary energy and final energy are smaller than today, mainly due to the lower percentage of combustion-based processes. In the calculations with focus on biomass, hydrogen or other regeneratively produced fuels (85% Bio&Mob, 85% H2 and 85% PtL/PtG), the primary energy requirement is higher than in the calculations with free optimization, which have a higher proportion of direct electricity use. 
Power Generation
First, the system development in the field of power generation technologies for the examined model calculations is considered. For this, the installed capacity of wind and PV ( Figure 6 ) is considered. It becomes clear that the different boundary conditions investigated cause strong differences in the required expansion of renewable energies, especially in wind power and photovoltaics. The results of the scenario calculations carried out show three conspicuous relationships:
1. The higher the required CO 2 reduction target, the higher the required installed capacity of fluctuating power generators (wind turbines (WTG) and PV). In the model calculation with a reduction target of -60 percent energy-related CO 2 emissions, only an installed capacity of about 200 GW el is required. Increasing the required CO 2 reduction target to -90 percent increases the required installed capacity of wind turbines and PV to more than 600 GW el .
2. The higher the required CO 2 reduction target, the greater the need to produce synthetic fuels and fuels.
3. An Increase of biomass availability and a reduction in demand for electricity (for example through efficiency advances and / or changes in behavior) and a reduction in the energy demand of the industry (for example, through technical progress) considerably dampen the effects described under 1 and 2.
In this case, a total of 200 to 250 GW of onshore wind turbines and PV systems are less necessary. However, they only result in minor differences in the demand for conventional power plants -an important finding is that all of the system developments considered require a similar installed capacity to conventional power plants as they do today. The flexible power plant capacity increases in cases with high CO 2 reduction or the generation of renewable fuels and is between 60 and 100 GW.
The model calculations allow some key conclusions:
1. Wind and PV form the quantitative backbone of electricity generation, and the more so the more ambitious the climate protection goals are. An extensive expansion of wind and PV is a prerequisite for the energy transition.
2. The necessary installed capacity of wind and PV increases continuously with the reduction target and increases -under otherwise identical conditions -from 200 GW for 60 percent reduction over 500 GW for 85 percent to over 600 GW for 90 percent reduction. Without significant increases in energy efficiency and reductions in consumption, as well as an exit from coal use for power generation and greater European connectivity, quantities of wind and PV are needed that are beyond the potential (about 500 GW) based on what can be used today Estimate areas.
3. The installed capacity of flexible conventional thermal power plants is significantly less dependent on the CO 2 target, but the energy generated is very high. For longer phases with insufficient PV and wind power -i.e. situations where all short-term storage is also depleted ("dark skies") -a large back-up capacity must be provided for power generation.
Although decentralized contributions play a much more important role, security of supply still requires central units and large-scale networking for cost reasons.
Fuels
Closely linked to the target value of CO 2 emissions is the amount of all fuels used. (Figure 7) . However, the volume of renewable fuels is steadily rising from around 224 TWh (60% open) to around 496 TWh (90% open). This increase is mainly due to an increasing proportion of synthetic chemical energy sources, while the biomass-based fraction remains relatively constant. If the import of biomass is considered as an option, the amount of renewable fuels rise up to 916 TWh (85% Bio&Mob) and will give space for a higher share of fossil fuels used in the transport sector and natural gas in the heating sector. The higher CO 2 emission factor of coal and oil compared to natural gas ensures that under strict CO 2 limitation, mainly natural gas is used as fossil energy source -or 90% exclusively. The model calculations suggest that ambitious climate protection goals can hardly be achieved without electrolysis as the primary conversion step for the production of synthetic energy sources from renewable electricity, at least if not significant successes in energy efficiency and consumption reduction are achieved. The extent to which hydrogen will be used as a final energy source or further conversion into carbon-based energy sources is difficult to assess from today's perspective, as many influencing factors play a role. The share of the different kind of biomass use e.g. wood, biodiesel etc. changes strongly between the different scenarios, indicating that there are different options for system layouts with the same amount of CO 2 reduction at more or less similar cost ( 
Total system costs by 2050
The system optimization takes place in the calculations with the goal of a cost minimization under observance of the specified climate protection goals. The accumulated systemic total costs over the period from 2014 to 2050 include costs for new purchases (or construction of energy installations and replacement investments), including capital costs, operating and maintenance costs, and costs of fuel (coal, oil, natural gas, biomass). The cost of new purchases will be heavily determined by investments in renewable energy technology installations (wind turbines, PV plants) and sector coupling technologies (as will be seen in greater detail below). The cost of fuel is closely related to the CO 2 targets and the corresponding usable amounts of coal, oil and natural gas. The total costs include all costs of the considered technologies and infrastructures, but not costs for unamortized historical costs. Figure 9 shows, that the costs of the energy system as a whole increase sharply with increasing reduction targets under otherwise identical conditions. This increase is more in line with the reduction target: an additional 15 percent reduction (from 60 percent to 75 percent) leads to a higher total systemic cost of around 800 billion euros, while a further 10 percent reduction (from 75 percent to 85 percent) results in nearly 1,000 percent Billions of euros caused additional costs and a further reduction by another 5 percent (from 85 to 90 percent) further about 1.3 billion euros. Certainly, the absolute numerical values are associated with very high uncertainties, because in the system optimization very many assumptions about cost projections of all system components are received. At the same time, it was assumed that the prices of fossil fuels will remain permanently at today's very low levels by 2050. Nevertheless, the observed trend seems plausible: the technical effort for any further reduction is much higher at already high levels, since all potentials for direct electricity use have been exhausted and low-cost fossil natural gas must be replaced by elaborately produced synthetic energy sources. In addition to the conversion plants such as electrolyzers including the entire infrastructure required for this, a high additional investment in solar and wind turbines is necessary, to be able to supply the electricity to operate the electrolysers CO 2 -free. The clearly lowest value of the CO 2 avoidance costs of all investigated variants is shown by the system development described as "active" with a reduction of energy-related CO 2 emissions by 85 percent. Here it was assumed that significant reductions in consumption will occur by 2050, which can be implemented at no extra cost. This is certainly an extreme assumption, although it is known that there are significant savings potentials, for example, for electricity in many areas that would be feasible under business conditions, but not due to other barriers. The specific variation of cumulative costs for solar thermal in comparison to the 85% open scenario is shown in Figure 10 . It can clearly be seen, that these cost will raise either when high specific cost for solar thermal remain (85% ST exp.) or when a forced implementation is assumed (85% active). Again, the absolute values can only give an approximate order of magnitude due to the many assumptions that are made in the optimization. On the other hand, the relative comparison between the investigated system developments is more robust, since similar assumptions have been made in all calculations.
Heating supply technologies
In the following the heat sector will be analyzed in detail. In the heat supply of buildings, there is a clear trend from fuel-based technologies to heat pumps as CO 2 reduction increases. While at 60 percent reduction still oil boilers are part of the supply and gas boilers account for more than 40 percent of the capacity of all heating systems, at 90 percent reduction oil boilers are no longer part of the solution and gas boilers have only a very small proportion ( Figure 11) . Accordingly, the proportion of electric heat pumps and also of gas heat pumps is increasing. With electric heat pumps, air source heat pumps always dominate under otherwise identical conditions, except for a reduction of 90 percent. Comparing the installed capacity with the heat delivered by the systems, the boilers are used in larger systems and have lower full load hours (Figure 12 ). With the higher availability of biomass the installed capacity will raise (85% Bio&Mob). While in the model calculation with 60 percent CO 2 reduction in total about decentralized solar thermal rooftop systems and central ground-mounted systems that are connected to heat networks, about 70 GW th are required, contribute with 90 percent reduction about 160 GW th (heat networklinked systems) to the heat supply in the building sector ( Figure 11 ). Figure 13 shows that with increasing CO 2 reduction, solar thermal heat generation becomes increasingly important to the system. The effect of the availability of biomass is even higher on the installed capacity than the cost. The highest amount of solar thermal will occur in a scenario, where the share of heat pumps is limited and the fuel has to be used in the transport sector (85% PtL/PtG).
Heat networks cover a larger number of buildings in all model calculations than is the case today. Depending on the CO 2 reduction targets considered, the proportion of heat generated by solar thermal energy changes. 
Building retrofit
The renovation of the building stock leads to a reduction of heat consumption and is a possible contribution to the achievement of climate protection goals. Energetically refurbished buildings were modeled on two energetic standards, which are termed "deep retrofit" and "deep retrofit plus". "deep retrofit" corresponds to the standard of the EnEV 2009 based on the remediation levels defined in the project "Climate neutral Buildings 2050", but tightened by 25 percent (EnEV -25%), and "deep retrofit plus" meets the requirements of a passive house. With one exception, the share of non-renovated buildings falls as the CO 2 reduction target increases, and the proportion of buildings refurbished to a very high energy standard increases (Figure 15) . However, the majority of buildings, with one exception, are at a low energy standard under all boundary conditions considered, i.e. not at a passive house standard. Comparing the different scenarios with a reduction of 85%, in the scenario with high cost for solar thermal and with limited use of batteries in the transport sector, all buildings are retrofitted and high shares of deep retrofitted can be seen. The impact of the retrofit on the overall cost is high, see Figure 9 . 
Transport
The results of the model calculations suggest that significant changes are also expected in the transport sector if the energy transition targets are to be achieved (see Figure 16 ). In the case of a long-term high use of conventional propulsion based on fossil fuels, achieving the climate goals of more than 80 Percent hardly accomplish. A mix of electro mobility through use between electro mobility and vehicles with renewable energy based fuels is very likely. On the one hand, application technologies make good use of their high efficiency and favorable CO 2 balance and enable long ranges. The generation of regenerative fuels also allows a temporal decoupling of production and consumption. For the results for 85% H2 and 85% PtL/PtG it has to be taken into account that the results shown are strongly dependent on the costs and efficiencies of the technologies used and there are certainly still very high uncertainties here. In conjunction with the results shown above, it becomes clear that the decisions of home and vehicle owners have a significant impact on the transformation of the energy system. 
Conclusions -Influence of sector coupling on solar thermal energy
The model results clearly show that the energy transition is accompanied by a strong reduction of the use of fossil fuels with a strong expansion of renewable energy technologies wind and solar and at the same time a much stronger coupling of the consumption sectors transport, heat and industry to the electricity sector. Sector coupling (with coupling technologies such as heat pumps, electric vehicle drives and electrolyzers) becomes even more important the more ambitious the CO 2 reduction targets are. Without an increase in the coupling of the electricity, heat and transport sectors, the achievement of the proposed climate protection goals would only be achieved with a very substantial reduction in consumption, coupled with higher imports of green electricity or imports of biomass or synthetic fuels from countries with much higher potential for the use of renewable energies.
The results show the strong interdependencies of the potential need of solar thermal in future energy on the system layout. It could be seen clearly, that under the given boundaries (upper limits for PV and Wind, limited biomass resources without, limited import of electricity) solar thermal will play an increasing role in the buildings sector heat supply aiming for higher reduction of CO 2. The sensitivity analysis shows strong sector coupling effects. Easing the pressure on the availability of renewables by importing biomass will reduce the installed solar thermal capacity. The same will happen when specific cost of solar thermal will remain on the cost level of today. The installed capacity will drop down and part of that share will be covered by a higher amount of retrofitted building and heat pump technologies. Some link can be seen between the transport sector and the installed solar capacity -when the remaining fossil fuels or natural gas have to be used in the transport sector, the role of solar thermal will increase.
In the electricity sector, renewable energy technologies such as photovoltaics and wind turbines are the main drivers of total electricity generation, but CHP plants and gas-fired power plants are an important pillar of supply security, but with much lower full load hours than today. With the gas-fired power plants as back-up power plants and the CHP plants as a link between the electricity sector and the heat supply via heating grids, a large number of flexible power plants remain in the system. Depending on the current need, CHP plants are operated using heat or electricity. In the heat sector, all calculations show an enormous amount of electrically supplied heating energy. The heat supply can be made more flexible in conjunction with thermal storage (or in combination with battery storage). To stimulate this flexibility, time-variable tariffs are a possible means. In the transport sector, the switch to electro mobility and hydrogen vehicles is central to a substantial reduction in CO2 emissions. The infrastructural and systemic investment decisions are particularly important here, since network and lock-in effects are not negligible. These include effects of charging and distribution / storage infrastructure, but also internationalization and network boundaries through European and global markets. Early development of technologies and their investigation into pilot projects and demonstration projects is therefore essential to ensure that they are ready for use when widespread deployment becomes necessary. Techniques such as solar thermal energy, biomass and geothermal energy can make significant contributions to achieving the goals.
Annex: Data
The following data were used for calculation of the cost functions (see chapter2. 
